While changes in the transcriptome and proteome of developing pollen have been investigated in tobacco and other species, the metabolic consequences remain rather unclear. Here, a broad range of metabolites was investigated in close succession of developmental stages. Thirteen stages of tobacco male gametophyte development were collected, ranging from tetrads to pollen tubes. Subsequently, the central metabolome and sterol composition were analyzed by GC-mass spectrometry (MS), monitoring 77 metabolites and 29 non-identified analytes. The overall results showed that development and tube growth could be divided into eight metabolic phases with the phase including mitosis I being most distinct. During maturation, compounds such as sucrose and proline accumulated. These were degraded after rehydration, while c-aminobutyrate transiently increased, possibly deriving from proline breakdown. Sterol analysis revealed that tetrads harbor similar sterols as leaves, but throughout maturation unusual sterols increased. Lastly, two further sterols exclusively accumulated in pollen tubes. This study allows a deeper look into metabolic changes during the development of a quasi-single cell type. Metabolites accumulating during maturation might accelerate pollen germination and tube growth, protect from desiccation, and feed pollinators. Future studies of the underlying processes orchestrating the changes in metabolite levels might give valuable insights into cellular regulation of plant metabolism.
INTRODUCTION
Angiosperm gametophytes are severely reduced to a few highly specialized cells (Berger and Twell, 2011) . They mature inside the sporophytic tissue of the floral organs, where they are nourished and protected from the environment. Female and male gametophytes are found in the ovaries of the carpels, and the anther buds, respectively. The female gametophyte consists of seven cells derived from one haploid megaspore and remains in place during its maturation and fertilization. Conversely, the male gametophytes, or pollen grains, are not stationary in their mature form and often travel long distances carried by wind or pollinators. Depending on the species, mature pollen grains can either contain two sperm cells, or one generative cell that only divides to form two sperm cells during fertilization. These are internalized in a much larger vegetative cell, which is involved in the formation of the pollen wall and plays a crucial role during fertilization. Once the pollen arrives on the stigma of the carpel, the sperm cells, or the sperm cell forming generative cell, are still relatively distant from the ovules (3-4 cm in tobacco) that harbor the female gametophytes, including the egg cells. As the sperm cells are not mobile themselves, the vegetative cell delivers them to the female gametophyte by changing its own shape to form a pollen tube that elongates and grows through the female tissue towards the ovule. Here, the pollen tube finally bursts and releases the two sperm cells for double fertilization.
Consisting only of two cell types, and being readily available, mature pollen from many species, especially Arabidopsis and tobacco, has been widely used to study its transcriptome Twell, 2003, 2004; Hafidh et al., 2012b) , proteome (Holmes-Davis et al., 2005; Grobei et al., 2009; Ischebeck et al., 2014) and metabolome (Obermeyer et al., 2013; Luttgeharm et al., 2015; Villette et al., 2015; Chen et al., 2016) . In addition, pollen tubes can be easily cultivated in vitro and used for cell biology (Helling et al., 2006; Ischebeck et al., 2008 Ischebeck et al., , 2011 Potock y et al., 2014) or so-called 'omic studies (Wang et al., 2008; Qin et al., 2009; Zou et al., 2009; Hafidh et al., 2012a; Obermeyer et al., 2013) . The unique function and morphology of male gametophytic cells is well reflected when analyzed by 'omic approaches. For example, in Arabidopsis, the transcriptome (Pina et al., 2005) and proteome (Grobei et al., 2009) , as well as the lipidome (as reviewed in Ischebeck, 2016) of mature pollen differ considerably from those of the main sporophytic organs, such as the leaves and roots. It has also been shown that pollen grains already contain most of the transcripts and proteins needed for the initial germination and subsequent growth phase (Pina et al., 2005; Grobei et al., 2009; Ischebeck et al., 2014) . Additionally, many enzymes needed for pollen tube metabolism are included. Pollen tube metabolism is very distinctive, as pollen tubes have a very high respiratory rate to support fast growth (Taylor and Hepler, 1997) . Furthermore, ethanolic fermentation was shown in tobacco (Bucher et al., 1995) , petunia (Gass et al., 2005) and lily (Obermeyer et al., 2013) . Mature pollen grains store metabolites, some of which are probably important for initial pollen tube growth, including carbohydrates that differ in their composition from species to species. While lily pollen, for example contains fructose and glucose (Castro and Cl ement, 2007; Obermeyer et al., 2013) , tomato pollen contains mostly sucrose. Furthermore, starch only occurs in pollen of some species (Pacini, 1996) . In several species, the main free amino acid is proline (Lehmann et al., 2010) , and a proline deficient Arabidopsis mutant line was reduced in pollen viability (Mattioli et al., 2012) . A more thorough approach to analyze the primary metabolome of mature pollen and growing pollen tubes was performed for lily, in which a number of sugars, amino acids and organic acids were quantified (Obermeyer et al., 2013) . However, this approach was not extended to earlier pollen developmental stages of this species.
Male gametophytes derive from diploid microsporocytes (pollen mother cells). Before they reach the stage of mature desiccated pollen, they pass through distinct developmental steps (Hafidh et al., 2016a) . First, microsporocytes undergo meiosis and form tetrads, in which four haploid daughter cells stay connected to each other through their cell walls. Then, microspores are released that polarize with the nucleus moving from the center to one side. Mitosis I separates the male gametophyte into a small generative cell (the predecessor of the two sperms cells formed by mitosis II) and a large vegetative cell, which then internalizes the smaller one. In some species, including tobacco, the resulting binuclear pollen subsequently grows and matures before it finally desiccates, with mitosis II taking place only during pollen tube growth. Pollen development is a complex process, as it includes both cell wall formation and degradation, cell polarization requiring the rearrangement of the cytoskeleton (Zonia et al., 1999) and the vacuole (Yamamoto et al., 2003) , as well as subsequent cell division(s). In addition, the male gametophytes have to store or metabolize nutrients taken up from the locule (O'Neill and Roberts, 2002) , the cavity of the anthers in which they mature. Finally, the pollen grains need to initiate measures to survive the subsequent desiccation stage (Franchi et al., 2011) . It is clear that a network of signals is needed to orchestrate the stepwise maturation of the pollen, and genetic studies have identified a large number of essential genes (for a list of 215 Arabidopsis mutants affected in pollen development or pollen tube growth see Ischebeck et al., 2014, table S11) . Many of these genes have housekeeping functions.
In contrast with mature pollen that can easily be collected in ample amounts, earlier developmental stages are harder to obtain, as they are still encapsulated in the sporophytic anther tissue. However, methods have been established to isolate distinct developmental stages of male gametophytes from Arabidopsis (Honys and Twell, 2004; Dupl' akov a et al., 2016) , tobacco Bokvaj et al., 2015) and tomato (Chaturvedi et al., 2013) . These methods have been used to collect transcriptome (Honys and Twell, 2004; Bokvaj et al., 2015) and proteome data (Chaturvedi et al., 2013; Ischebeck et al., 2014) . In Arabidopsis, the gametophyte development can be divided into an early phase (microspores and bicellular pollen) and a late phase (tricellular and mature pollen), as based on transcriptome data (Borg et al., 2009) . In tobacco, proteomic data suggest two main phases, one ranging from microsporocytes to microspores, and the other from bicellular pollen all the way to pollen tubes . However, the transition stage with the polarized microspore also has a very distinct proteome on its own. This proteome is characterized by an increase in proteins associated with protein degradation that might facilitate the turnover between the early and late phase.
In comparison with the wealth of available transcriptome and proteome data, knowledge on metabolite levels throughout development is more limited. A few studies mostly focus on a certain set of metabolites like sugars in lily (Castro and Cl ement, 2007) or amino acids in devil's trumpet (Datura metel; Sangwan, 1978) . A more thorough approach that covers several developmental stages is still missing for any species. Therefore, we collected cells from a total of 13 developmental stages, nine ranging from tetrads to mature pollen and four time-points after rehydration including two stages, when pollen tubes have been formed. Samples were then analyzed by metabolite profiling, which revealed eight distinct phases of development as based on their metabolite composition. Pollen development was accompanied by drastic changes of the sterol composition, and two additional sterol species were synthesized during pollen tube growth. Furthermore, we identified several metabolites in the male gametophytes that could not be detected in leaves and roots.
RESULTS
Pollen development can be divided into distinct phases based on the metabolite levels Male gametogenesis of angiosperms is a complex process and previous studies of tobacco and tomato male gametophytes have shown that the proteome changes strongly twice during their development, once during polarization and once after mitosis I . However, the consequences of these changes on the metabolite levels have not been investigated in detail so far. In order to study this aspect of male gametogenesis, we adapted a previously developed methodology to isolate nine stages starting from the tetrad stage up to the desiccated pollen (Table 1) . Microsporocytes and meiocytes (labeled as stages A and B, respectively, and adopting the nomenclature of the previous study; Ischebeck et al., 2014) , were not included, as these cells can only be isolated in small amounts and in the presence of an osmolyte (for example 10% mannitol), which would interfere with later analysis. Besides tetrads (stage C), microspores (stage D) and polarized microspores (stage E), developmentally older stages were analyzed here in more detail than in the previous study. These were divided into one stage containing cells mostly undergoing mitosis I (therefore termed stage EM, E mitosis; Figure 1a ) and four stages that contained bicellular pollen of increasing size (stages F1-F4). Finally, desiccated mature pollen was included in the analysis (stage G).
All material was freeze dried, weighed, and extracted in a two phase system. First, the aqueous phase was analyzed by GC-MS. In total, 68 metabolites were identified, most of these (55) using an external standard and some (13) by comparison with a spectrum library (Table S1 ). In addition, 28 substances with baseline separated signals but unknown identity were found. The relative abundance of each of the compounds was calculated based on dry weight and internal standard.
Results were normalized by setting the highest intensity for each metabolite during the development to 1. First, the data were analyzed implementing the whole data set. A principal component analysis (Figure 1b) showed that samples from the same or adjacent stages cluster together. The overall development is displayed in an arc-like pattern with the mitotic stage being most distinct from the other stages. A clustering of the data similarly showed that all individual samples were grouped with samples of the same stage or in some cases with samples of an adjacent stage (Figure 2) . Furthermore, this analysis revealed that the stages could be grouped in six main clusters, with all but the second cluster having a distinct set of metabolites of relatively high abundance. The first cluster comprised the premitotic stages C and D and one sample of stage E, the second cluster harbored the other four samples of stage E, and the third cluster contained all samples of the mitotic stage (EM). The further clusters were made up of the bicellular stages F1 (cluster 4), of F1, F2 and F3 (cluster 5), and of F3, F4 and G (cluster 6). In conclusion, the nine isolated stages could be grouped into six distinct 'metabolic phases', based on the clustering and the principal component analysis.
Metabolite levels peak in different developmental stages
The different collected stages could also be clearly distinguished based on the individual metabolites (Figure 2 ). The first stages (C, D) were characterized by a relatively low abundance of most metabolites, with the exception of myoinositol, mannitol, quinic acid, threonate, putrescine, and one unknown metabolite (Figure 2 ). During mitosis I (EM), a distinct set of metabolites steeply and transiently increased in relative abundance (Figure 3a ). This set comprised sugars, sugar derived acids, and sugar phosphates, as well as glycine, ornithine, malate and citrate. Furthermore, 10 of the 28 so far unknown compounds were predominantly found in this stage. Following mitosis, several amino acids reached their highest levels, including leucine, isoleucine, lysine, methionine and the aromatics phenylalanine, tyrosine and tryptophane ( Figure 3b ). Urea, adenine and an unknown analyte also reached their highest levels in this stage. In addition, the bicellular pollen gradually accumulated a number of substances that reached their maximum levels in the desiccated stage (Figure 4 ). Apart from sucrose, amino acids, including b-alanine, asparagine, aspartate, glutamate and proline increased. Pipecolate is an amino acid similar to proline, but carries an additional carbon atom in the ring. It was first detected in significant amounts in stage F2 and accumulated hereafter. A comparable rise was observed for hypotaurine, the flavanonol taxifolin, and allantoin, an intermediate of purine metabolism. Interestingly, several metabolites were hardly, or not at all, detectable in desiccated pollen, including monohexoses, sugar phosphates ( Figure 3 ) as well as malate, fumarate and 2-oxo-glutarate ( Figure 2 ). To address the question of whether the accumulation of the compounds and the drop of other metabolites occurs only transiently in the desiccated phase, their levels were assayed during pollen rehydration, and pollen tube germination and growth. For this, dry pollen, and as well as pollen that had been rehydrated for 5 min, 1, 3 or 5 h, in medium was analyzed (Table S2 ). The first pollen grains germinated after 1 h ( Figure S1 , as exemplarily shown by the white arrows). Even though the measurements of pollen development and pollen tube growth were performed independently, they are comparable with a certain degree, as the desiccated pollen was present in both data sets. The data for the second experiment was not normalized to dry weight but only to the internal standard, as the same amount of pollen was used for all experiments (likely resulting in higher dry mass in pollen tubes). Pipecolate, taxifolin and hypotaurine, conversely, did not
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Figure 3. Metabolites that show a transient increase during pollen development. Many metabolites peaked during mitosis I (a), others in the subsequent stage (b). The relative abundance of the metabolites was measured by GC-MS throughout development. The highest average of one stage was set to 1 for each compound. C, tetrads; D, microspores; E, polarized microspores; EM, cells in mitosis I; F1-F4, bicellular pollen; G, mature desiccated pollen. Error bars, standard deviation. n = 5-7 (see Table 1 for details).
show any incorporation of U-[ 13 C]-glucose. Interestingly, glutamate accumulated during maturation, but increased even more drastically within 5 min of rehydration (Figure 4) . This was also true for its potential direct downstream product, c-aminobutyrate (GABA), where the relative increase was even steeper ( Figure 5 ). Also succinate, a potential further downstream product of GABA, showed this transient peak. The relative abundance of other metabolites rose more steadily during pollen tube growth ( Figure 5 ), including metabolites from glycolysis and the TCA-cycle. However, citrate levels dropped significantly within 1 h of rehydration and then slowly rose again. The monohexoses glucose and fructose slightly increased from stage F3 to F4 but were then hardly detectable in the desiccated pollen (Figure 3a) . Fructose then increased again during pollen tube germination and growth ( Figure 5 ). It is likely that glucose levels also rose, however, this was not quantified due to there being glucose in the pollen tube medium.
Absolute levels of storage compounds in mature pollen
As sucrose accumulated strongly in desiccated pollen and was degraded quickly during pollen tube germination and growth, it was reasoned that it might be a main storage compound and was therefore compared to starch, lipid and protein levels in mature pollen ( Table 2 ). The absolute sucrose concentration was determined enzymatically to a value of 79 AE 6 mg g À1 DW (AE indicates SD) with glucose and fructose not being detected. In a similar manner, starch was determined by enzymatically hydrolyzing it and quantifying glucose after hydrolysis, also enzymatically. However, only low levels (5.9 AE 0.5 mg g À1 DW), were
Allantoin Figure 4 . Metabolites that accumulate during pollen maturation. The relative abundance of the metabolites was measured by GC-MS throughout development (stages C-G) and, in an independent experiment, during pollen tube germination and growth (stages G0 h-H3 h). The average of the desiccated pollen (G and G0 h) from the two independent experiments was set to the same relative level for each compound. C, tetrads; D, microspores; E, polarized microspores; EM, cells in mitosis I; F1-F4, bicellular pollen; G and G0 h, mature desiccated pollen; H5m, H1h-H5h, pollen tubes 5 min and 1, 3 and 5 h after the addition of medium. Error bars, standard deviation. n = 5-7 (see Table 1 for details).
detected. In order to monitor starch deposition in developing polarized microspores and bicellular pollen, it was stained in situ with iodine and analyzed under the microscope (Figure 6a ). This revealed a transient increase in starch levels after mitosis I followed by a strong decrease in fully developed pollen. The total amounts of triacylglycerol (TAG) and sterol esters reached 16 AE 2 and 5 AE 2 mg g À1 DW, respectively. These neutral lipids are generally stored in lipid droplets (Chapman et al., 2012) . In order to find out at what stage lipid droplets were synthesized, several developmental stages were isolated and stained with Bodipy 505/515 to highlight the lipid droplets. This experiment revealed that lipid droplets were already found in small numbers in polarized microspores but increased in number strongly after mitosis I (Figure 6b ). During their synthesis, lipid droplets first clustered in groups before being fully dispersed in rehydrated mature pollen grains. However, TAG and sterol esters were a minority of all the acyl-lipids found in desiccated pollen, since total fatty acids amounted here to 59AE3 mg g À1 DW.
Hence, a substantial proportion of all fatty acid containing lipids likely occur in form of membrane lipids rather than as neutral lipids stored in lipid droplets. The most abundant fatty acid both in TAG and total fatty acids was linoleic acid ( Figure S3 ). The major compound class in desiccated pollen was protein, with an abundance of 374 AE 26 mg g À1 DW.
Some compounds found in male gametophytes could not be detected in leaves and roots
Some of the compounds identified in the pollen were rather unexpected, at least in tobacco plants. Lactate Figure 5 . Changes in metabolites during pollen tube growth. The relative abundance of the metabolites was measured by GC-MS during pollen tube germination and growth. The average of the stage with the highest abundance was set to 1 for each compound and each experiment. G0 h, mature desiccated pollen; H5m, H1h-H5h, pollen tubes 5 min and 1, 3 and 5 h after the addition of medium. Error bars, standard deviation. n = 6.
for example, is known as a signaling substance in plants (Bernsdorff et al., 2016) , but is normally not described as a main metabolite. In addition, some unknown compounds were detected that might occur specifically in developing or mature pollen. Therefore, metabolites of leaves and roots were extracted, derivatized, measured by GC-MS (Table S3 ) and compared on a qualitative level to those found in male gametophytes. Indeed, pipecolate could not be detected in these tissues as was also true for taxifolin, hypotaurine, adenosine and inosine. Furthermore, most of the analytes with unknown spectra were not found in leaves and roots. Conversely, nicotine, abundant in both leaves and roots, could not be detected in any of the stages of the male gametophytes.
The sterol composition of developing pollen is very dynamic
Mature pollen of several species, including tobacco and Arabidopsis, have been shown to differ strongly in their sterol composition (Villette et al., 2015) . These compositions are also very distinct from the composition observed in sporophytic tissues, where stigmasterol, sitosterol, and campesterol dominate. In order to determine at which point of pollen development the unusual composition begins to occur, sterols were analyzed from the organic phases obtained after phase separation during extraction. The individual sterols were identified either by mass and retention time in comparison with an external standard, via a spectrum library, or based on the mass alone (taking into account the findings of a previous study on mature tobacco pollen by Villette et al., 2015) . Quantification was performed on total ion count (TIC). Concomitantly, we also analyzed the sterols of leaves and roots ( Figure 7 and Table S4 ). Our findings showed that in the tetrad stage, sterol species were similar to those in roots and leaves but displayed a different profile since sitosterol dominated over stigmasterol (Figure 7c ). From the polarized microspore stage to the mitotic stage, however, we measured a steep increase of 24-methylenecholesterol, making it the most abundant sterol in the later stages (Figure 7a ). Then, after mitosis, the levels of D5,24-ergostadienol steadily increased to a similar level as 24-methylenecholesterol in mature pollen. We also measured the sterols in growing pollen tubes (Figure 7d) . Here, we identified and observed an accumulation of two further sterols that we did not detect in mature pollen: cycloeucalenol as described earlier (Villette et al., 2015) , but also another sterol with a mass of 412 Da. After 5 h of pollen tube growth in vitro, the levels of these sterols showed the fourth and third highest abundance based on the TIC, respectively. When pollen tubes were grown on a thin layer of medium containing U-[
13 C]-glucose as the sole carbon source, both newly synthesized sterols were strongly labeled with 13 C (Figure 8 ). In contrast, the sterol species already present in the mature pollen did not show 13 C-labeling, rendering their de novo synthesis unlikely during pollen tube growth (Figures 8 and S4 ).
DISCUSSION

Certain metabolites show a transient increase during development
Metabolite levels in plant cells can heavily fluctuate over the course of a day (Smith and Stitt, 2007) or during development of whole organs (Bellaire et al., 2014) . However, these studies did not focus on the metabolome of a single cell type. Single cell type studies (Misra et al., 2014) , in contrast, have not been conducted on developmental processes. Here, we show how dramatic individual metabolites can change throughout the course of the development of a quasi-single cell type. The metabolite profile during mitosis I is especially distinct (Figures 1b and 2) , similar as the polarized microspore stage is distinct from other developmental stages based on proteomic results . During mitosis I, several metabolites showed a steep increase in their abundance that drops shortly after. These metabolites include monohexoses and maltose as well as intermediates of glycolysis and the citric acid cycle (Figure 3a) . This may indicate an upregulation of these processes during the course of mitosis, and ATP turnover being increased due to a higher energy need. Furthermore, eight so far unknown substances prominently peaked in the mitotic stage (Figure 3a) . It would be interesting to identify these metabolites in the future as they might have specific functions during this stage or even during mitosis in general. During mitosis I, also the sterol composition starts to change, with 24-methylenecholesterol rising drastically. Amino acids accumulated during mitosis I and especially during the subsequent The amount of fatty acid steryl esters was calculated, using the molecular weight of D5,24-ergostadienol and 24-methylenecholesterol.
stage analyzed here. These amino acids include the aromatic and the branched amino acids (Figures 3b and  4) . These amino acids are not part of the central Nmetabolism and might increase due to protein turnover when cells switch from the sporophytic to the gametophytic proteome . This switch goes along with a high abundance of proteins associated with protein degradation . The transient starch increase in the early diploid pollen grains (Figure 6a ) was also observed in lily (Castro and Cl ement, 2007) . It is likely that starch is transformed into sucrose, a faster degradable compound that could speed up the generation of energy after rehydration.
F3-4 F4 G Figure 6 . Starch and lipid droplet distribution during pollen development. The individual stages were isolated and, based on the development of the pollen and flower, they were assigned to the stages E (a; polarized microspores), F1, F2, F3, F4 (all bicellular pollen) and G (rehydrated mature pollen). 
Several metabolites are transiently decreased in desiccated pollen
Interestingly, the amounts of several metabolites sharply dropped in desiccated pollen grains, which were either present or even increased during maturation. These metabolites included intermediates of glycolysis and the citric acid cycle (except citrate) as well as the monohexoses glucose and fructose (Figures 2 and 3 ). After rehydration, these metabolites were quickly reformed ( Figure 5 ). It seems unlikely that the enzymes leading to this reformation are de novo synthetized in the short time frame of rehydration, and indeed all enzymes of the citric acid cycle have been detected in mature desiccated pollen (Ischebeck Table 1 for details).
et al. , 2014) . As the products of these enzymes were not found in desiccated pollen, it is possible that the respective enzymes are deactivated during the desiccation process and then reactivated upon rehydration for example by phosphorylation or dephosphorylation, as rapid changes in the phosphorylation patterns have been observed (F ıla et al., 2016) . Candidates for this regulation could be sucrose-cleaving enzymes such as sucrose synthase or invertase, and indeed a phosphorylated peptide of the cytosolic invertase 1 was detected in mature Arabidopsis pollen (Mayank et al., 2012) . Also enzymes involved in glycolysis might be prone to regulation, as fructose-bisphosphate aldolase was found phosphorylated in desiccated tobacco pollen, but this phosphorylation could no longer be detected 5 min after addition of medium (F ıla et al., 2016) . Citrate was the only metabolite of the citric acid cycle still present in desiccated pollen. Aconitase, which would convert citrate to isocitrate, might also be subject to regulation, but no hints for a regulation by phosphorylation were so far found in tobacco and Arabidopsis. Other proteins that are only activated upon rehydration might be the ones involved in the formation of GABA (Figure 9) . GABA accumulated very strongly 5 min after rehydration ( Figure 5 ), a messenger long discussed as being important for pollen tube growth (Yu et al., 2014) and guidance (Palanivelu et al., 2003) . However, so far GABA was only considered as a signal coming from the female part of the flower (Biancucci et al., 2015) . The increase of internal GABA levels indicate that GABA might also act as internal signal or even as a signal for pollen-pistil or pollen-pollen communication, as pollen germination is stimulated at high pollen density (Chen et al., 2000; Boavida and McCormick 2007) . In the context of pollen-pistil communication, it was shown that pollen tubes secrete a large number of proteins (Hafidh et al., 2016b) and some of them might function as signals perceived by the cells of the carpel, implying that pollen-pistil communication is probably not a one-way process. GABA probably derives from glutamate, which is also increased after rehydration (Figure 4 ) and which might be formed from proline. Also succinate, a potential degradation product is strongly increased (Figure 5 ). All the transcripts encoding proteins needed for the synthesis of GABA from proline and its degradation to succinate were found in mature Arabidopsis and tobacco pollen (Honys and Twell, 2004; Hafidh et al., 2012b; Figure 9 ). This situation holds also true for most of the proteins themselves (Grobei et al., 2009; Ischebeck et al., 2014; Figure 9) . Interestingly, glutamate decarboxylate was found to be phosphorylated in mature Arabidopsis pollen (Mayank et al., 2012) , which may hint at a putative way of regulation. In conclusion, rehydrating pollen might have great potential for studies on the regulation of primary metabolism, due to the rapid changes and a clear set and easily available 'time-point zero'.
Storage compounds
Plants nourish their developing seeds with large amounts of metabolites to help seeds survive the initial germination and growth phase. This way, the energy investment of the mother plant directly helps the next generation. Regarding pollen, the situation is different as many pollen grains never reach the stigma. In addition, pollen grains do not have to grow a pollen tube independently, but are in contact with the pistil already during rehydration. It is therefore theoretically possible that pollen grains are free of storage compounds and take up all the nutrients needed from the pistil apoplast. This way, only the pollen reaching the stigma would cost energy. However, several reasons may exist why it could be evolutionary favorable for pollen to accumulate storage or reserve compounds: (i) A fast germination and invasion. Even though the pollen coat helps the pollen to stick to the stigma, this connection is still rather loose and only the outgrowth of the pollen tube and its invasion tightly anchors the pollen to the pistil. Such an immediate outgrowth to anchor the pollen would not be possible if most of the proteins had not been already presynthesized or at least stored as mRNA (Honys et al., 2009) and if no energy reserves would be readily available inside the pollen. In addition, it has been shown that the initial pollen tube growth is autotrophic (O'Kelley, 1955) and we have observed in control experiments that tobacco pollen tubes are able to germinate and produce a pollen tube in the absence of any carbon source (Figure S6) . Even when offering glucose as external carbon source, the stored sucrose is cleaved within the very first 5 min (Figure 4 ). We believe that sucrose breakdown rapidly delivers monohexoses to the endogenous metabolism, which may not be achieved as easily with starch or especially TAG as carbon source. However, not only monohexoses are formed from sucrose, but also sucrose from external sources ( Figure S2 ) at least in vitro. This notion is backed up by the presence of sucrose-phosphate synthase and sucrose-phosphatase in tobacco pollen tubes . One may assume that during pollen tube growth in vivo, not all glucose taken up is fed directly into glycolysis, but turned into sucrose. This way, the assimilated sugars could be transported along the tube as dimers to the tip region, where most of the energy is needed. (ii) Inter-pollen competition. Another strong evolutionary driving force to accumulate storage compounds could be the competition between pollen grains. Due to this aspect, mutations might accumulate that improve the fitness of the pollen, even when they are not beneficial for the fitness of the sporophyte. In this context, the accumulation of storage compounds such as carbohydrates and proteins in the pollen would cost the sporophyte energy and nitrogen, but could give the individual male gametophyte a better chance to reach the ovule first. The TAG stored in the pollen grain (Table 2 and Figure 6b ) might be a direct precursor for membrane lipids, as they show a similar fatty acid composition ( Figure S3 ). Sterol esters make up a high proportion of the neutral lipids in the pollen (Table 2 ) and may deliver sterols for the expanding membranes. Therefore, these substances may very well support tube elongation, even though they are most likely not sufficient for the synthesis of all membrane lipids (as reviewed in Ischebeck, 2016) . (iii) Protection during desiccation. The controlled desiccation of the pollen makes its transport over longer distances possible, whereas an uncontrolled desiccation would most likely kill the cell. During desiccation, proline could function as a key protectant for proteins and membranes. Proline is well known to accumulate in plants under a number of stresses (Verbruggen and Hermans, 2008) and is found in pollen of many species in large amounts (>1.5% of the crude weight in many species; Black and Pritchard, 2002) . In our measurements, proline also accumulated during the last stages of the bicellular pollen (Figure 2) . It was then almost completely degraded within the first hour of pollen tube growth, which speaks for a distinct function during the phase of desiccation. Pipecolate shows a similar pattern as proline (Figure 2 ) and an inverse one compared to lysine (Figure 3b ). Indeed, we could recently show that pipecolate can derive from lysine degradation (Ding et al., 2016) . Because of its accumulation during desiccation and due to its similar structure as proline, it may have a likewise function as an osmoprotectant. However, it is also thinkable that pipecolate is not degraded but rather secreted and even acts as a signal in the plant defense against pathogens (Bernsdorff et al., 2016; Ding et al., 2016) . This hypothesis would be especially interesting as factors of female-male communication underlie pollen tube growth and guidance, similar to the ones found in plant-pathogen interaction pathways (Dresselhaus and Franklin-Tong, 2013) . UV-light is another threat the pollen has to face during transport, as the germline is not protected by additional cell layers. In addition to the pollen coat, taxifolin ( Figure 4 ) may function as a protectant as it absorbs light in the UV range (Tsimogiannis et al., 2007) , which is well known as an antioxidant (Naderi et al., 2003) . Conversely, it is less toxic than other flavonoids such as the very similar quercetin (Makena et al., 2009) , the presence of which could be an adaption to protect pollinators feeding on the pollen. (iv) Feeding of pollinators. There have been millions of years of coevolution of angiosperms and pollinators (Cappellari et al., 2013) and it is obvious that fertilization success relies on a healthy pollinator population. This aspect might be the reason why nicotine is absent in tobacco pollen (Table 3) as it is toxic to insects (Steppuhn et al., 2004) . Also the high amount of protein in pollen (Table 2 ) might be a provision to pollinators in addition to the carbohydrate rich nectar. Another example are those sterols that strongly differ from the ones found in sporophytic tissues. As recently discussed in more detail (Ischebeck, 2016) , pollen are the main source of sterols for many pollinators, as insects are unable to synthesize cholesterol themselves and cannot convert all plant sterol species into cholesterol, which they need to maintain their cellular membranes. 24-Methylenecholesterol, for example, denotes one of the two major sterols found in mature tobacco pollen (Figure 7c) , and supports the brood rearing of honey bees, while the two main sterols in sporophytic tissues, sitosterol and stigmasterol, do not (Herbert et al., 1980) . It is striking, though, that during pollen tube growth even other sterols are exclusively synthesized (Figures 7d, 8 and S4 ). One explanation is that it might be favorable for a fast expanding cell, which is in constant need of new membrane material, to reduce the number of steps required to synthesize sterols as such. The synthesis of cycloeucalenol that was also previously found in tobacco pollen tubes (Villette et al., 2015) , for example, requires 10 steps less than the synthesis of stigmasterol (Schaller, 2004) and can therefore be probably synthesized at a higher rate. Finally, we could complement the previous study by detecting an additional sterol with the mass of 412 Da that remains to be identified. One could tentatively identify it as methylenepollinastanol based on its mass and the very similar spectrum to cycloeucalenol ( Figure S5 ). This sterol is possibly formed in a single step from cycloeucalenol (Villette et al., 2015) and has the same structure with the exception of the lack of a methyl group. Methylenepollinastanol has been previously found in pollen of Luffa cylindrical (Villette et al., 2015) and in bee gathered pollen (Thompson et al., 1978) .
CONCLUSIONS
We present here a metabolomic study covering 13 stages of pollen development and pollen tube growth. According to our data, the developmental stages can be separated based on their metabolite pattern, which changes strongly five times during development and again twice after pollen rehydration. The metabolism seems to follow a tight programming most likely to provide energy during mitosis I and only starts to accumulate storage compounds after mitosis I is completed. With the data shown in this study we hope to offer a deep reference matrix for subsequent studies on the primary metabolism of male gametophytes and its regulation.
EXPERIMENTAL PROCEDURES Isolation of developmental stages and pollen tube growth
A list of all metadata is displayed in Table S5 .
All developmental stages were obtained from tobacco plants (Samsun NN) grown in the greenhouse under 14 h of light from mercury-vapor lamps in addition to sunlight. Light intensities reached 150-300 lmol m À2 sec
À1
at the flowers and 50-100 lmol m À2 sec À1 at leaves at mid-height. Temperature was set to 16°C at night and 21°C at day with a humidity of 57-68%. The early developmental stages (tetrad to polarized microspore) were isolated as previously described with the exception that no mannitol was used in the washing solution.
Here, the developmental stage of each flower was determined microscopically. Samples containing less than 90% cells of a defined stage were omitted from further analysis. The mitotic stage and the bicellular pollen were obtained according to the length of the flower (see Table 1 ) and washed and isolated as the early stages. Desiccated pollen was collected no more than 1 day after anthesis.
In order to grow pollen tubes, 5 mg of pollen per sample was resuspended in 50 ll of pollen tube medium (2% glucose, 12.5% PEG4000, 15 mM MES-KOH pH 5.9, 1 mM CaCl 2 , 1 mM KCl, 0.8 mM MgSO 4 , 1.6 mM H 3 BO 3 , 30 lM CuSO 4 ), modified from Read et al. (1993) . The grains were then spread on a thin film of cellophane (2 9 4 cm; Zellglas, Max Bringmann KG, Wendelstein, Germany) and layered onto pollen tube medium (Pollen tube medium but 6% PEG4000 and solidified with 2% agarose). When grown in the presence of U-[
13 C]-glucose (Sigma-Aldrich, MO, St. Louis, USA), the medium was spread thinly (1 mm, 600 ll) on a microscope slide and the cellophane layered on top. Here, 2.5 mg pollen was used. Once the pollen tubes were harvested, the cellophane was removed and placed on filter paper to drain as much pollen tube medium as possible. Then, the tubes were scraped off and immediately flash frozen. All samples were freeze dried prior to further analysis.
Staining and microscopy
In order to identify the stages of the pollen (tetrad to polarized microspore), they were stained with DAPI in a concentration of 1 lg ml À1 DAPI. The images of the older stages were taken after the cells had been fixed as previously described prior to DAPI staining. For the visualization of lipid droplets, 10 lg ml À1 Bodipy 505/515 in water was used. Images were recorded using a Zeiss LSM 510 confocal microscope (Carl Zeiss Inc., Jena, Germany). DAPI was excited at 364 nm and imaged using an HFT UV/488 nm major beam splitter (MBS) and detected at a wavelength of 505-530 nm. BODIPY 505/515 was excited at 488 nm and imaged using an HFT 488/543 nm MBS and detected at a wavelength of 505-550 nm.
For the staining of starch, 200 ll of staining solution [2% (w/v) KI, 1% (w/v) I 2 , 10% (w/v) sucrose in water] were added to the cells. After an incubation time of 10 min at room temperature, the staining solution was removed and the cells were washed two times with a 10% (w/v) sucrose solution. Finally, the cells were resuspended in 50 ll 10% (w/v) sucrose solution and monitored using a Retiga R6 CCD camera (QImaging, Surrey, Canada) mounted on a bright field microscope (BX51, Olympus, Hamburg, Germany).
Images of pollen tubes were recorded with an ORCA-Flash 4.0 V2 camera (Hamamatsu Photonics, Hamamatsu, Japan) mounted on a bright field microscope (BX51, Olympus, Hamburg, Germany) using a UMWU2 filter cube. Pollen tubes were stained with an equal volume of aniline blue staining solution prepared as previously described (Mori et al., 2006) .
Enzymatic spectrophotometric quantification of carbohydrates
In total, 10 mg of pollen was extracted with 250 ll 80% (v/v) ethanol, heating it to 80°C for 20 min and then centrifuged at 20 000 g for 5 min. The pellet was re-extracted with 150 and 250 ll 80% (v/v) ethanol and the supernatants combined. The pellet was used for starch analysis and the supernatant for quantification of sugars.
Glucose and fructose were measured enzymatically (modified from Bergmeyer, 1983) . In short, 50 ll of sample was taken up in a total volume of 1 ml reaction buffer (10 mM TRIS pH 7, 1.5 mM MgCl 2 , 1 mM ATP, 1 mM NADP + , and 0.5 U glucose-6-phosphate dehydrogenase). The amount of glucose was quantified via the equimolar formation of NADPH after the addition of 1.5 U hexokinase, and the amount of fructose after addition of 0.5 U of glucose-6-phosphate isomerase (all three enzymes Roche, Basel, Switzerland). Sucrose was cleaved into monomers by adding 10 ll 0.1 M Na-acetate puffer pH 4.5, 2 ll fructosidase solution (3.3 mg ml À1 in 0.1 M Tris pH 7.5, Boehringer Ingelheim, Ingelheim, Germany) and 68 ll water to the sample. The solution was incubated at 37°C for 1 h and subsequently the amount of glucose was measured.
The starch in the pellet remaining of the sugar extraction (see above) was determined by a modified version of a previously described protocol (Stitt and Heldt, 1981) . The dried pellet was resuspended in 80 ll of 100 mM Na-acetate/HCl pH 5.5 and incubated for 10 min at 115°C. Afterwards, 120 ll of starch degradation mix containing 3 U ml À1 amyloglucosidase (from Aspergillus niger, Roche, Basel, Switzerland), 0.5 U ml À1 a-amylase (from porcine pancreas, Boehringer-Ingeleheim, Ingelheim, Germany) in 50 mM Na-acetate/HCl pH5.5 were added and the reaction mix was incubated overnight at 37°C. Then, the content of glucose was determined as described above. For quantification an external standard curve of soluble starch (from potato, Sigma-Aldrich, MO, St. Louis, USA) was taken.
Protein determination
For protein quantification, 5 mg of pollen was freeze dried and disrupted by a shaking mill using glass beads. Then, 1 ml of 5% SDS 6 M urea was added and the samples incubated at 90°C for 1 h. Protein content was quantified using the Micro BCA TM Protein Assay Reagent Kit (Pierce Chemical, Dallas, TX, USA). The standard curve was created with BSA (albumin fraction V; Carl Roth GmbH, Karlsruhe, Germany).
Lipid extraction
For the determination of triacylglycerols (TAG) and fatty acid steryl ester levels, the lipids were extracted from 25 mg of material with methyl-tert-butyl ether (MTBE):methanol 3:1 (v/v) as described (Matyash et al., 2008) . Before extraction, internal standards for quantification were added: Tri-17:0-TAG (Sigma-Aldrich, MO, St. Louis, US) and 17:0-cholesterol (Tokyo Chemical Industry, Tokyo, Japan). After evaporation, the dried samples of each lipid class were solved in 100 ll MTBE:methanol 3:1 (v/v). The samples were separated by thin layer chromatography developing the plates with hexane/diethylether/acetic acid 80:20:1 (v/v/v). The bands comigrating with a TAG-standard and 17:0-cholesterol were scratched out and immediately used for the generation of fatty acid methyl esters (FAMEs) for gas chromatography analysis with flame ionization detection (GC-FID) as described (Hornung et al., 2002) . For the determination of total fatty acids, 10 mg of mature pollen was used directly for the generation of FAMEs.
Central metabolite and sterol extraction and derivatization
For metabolite profiling by GC-MS analysis, all material was ground to a fine powder using a shaking mill (Retsch, Haan, Germany) and glass beads (5 mm, Carl Roth, Karlsruhe, Germany). A part of the polar fraction was evaporated and derivatized with 30 ll methoxylamine hydrochloride in pyridine and 60 ll N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) as previously described to transform the metabolites into their methoxyimino (MEOX)-and trimethylsilyl (TMS)-derivatives (Bellaire et al., 2014) . allo-inositol was used as an internal standard. Due to the high levels, sucrose was measured in separate runs using only one-tenth of the polar phase as used for the regular runs.
For the analysis of sterols, to the organic phase (200 ll) 2 ml of MTBE:MeOH (v/v) and 1 ml of 0.9% NaCl were added and the organic phase dried by N 2 stream. The samples were then redissolved in 20 ll pyridine, half of the sample was incubated for 1-12 h with 10 ll of MSTFA and 2 ll were injected into the GC-MS.
GC-FID and GC-MS
FAME analysis by GC-FID was performed as described (Popko et al., 2016) . The amount of fatty acid steryl esters was calculated, using the molecular weight of D5,24-ergostadienol and 24-methylenecholesterol. For the measurement of central metabolites and sterols, the samples were run on a GC-MS using previously described equipment and settings (Hofvander et al., 2016) . Sterol standards were obtained from Avanti polar lipids (Alabaster, AL, USA) or, in the case of 24-methylenecholesterol, generously provided by Dr J€ urgen Schmidt (IPB Halle, Germany). If the metabolites were not identified by an external standard, the spectra were identified by the use of the Golm metabolome database (GMD) and the National Institute of Standards and Technology (NIST) spectral library 2.0f. The chemical information on metabolites identified with the GMD can be obtained under http://gmd.mpimpgolm.mpg.de/search.aspx (Kopka et al., 2005) .
Statistical analysis
The heat map was created with ClustVis (Metsalu and Vilo, 2015) . Principal component analysis was performed with MARVIS suite (Kaever et al., 2015) .
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